The carbamate pesticide, aldicarb, demonstrates significant acute toxicity in mammals, birds, and fish, and is readily biotransformed by most organisms studied. Metabolic products of aldicarb include the more toxic sulfoxide and the less toxic sulfone as two of the major products. Both the cytochrome P450 (CYP) and the flavin monooxygenase systems (FMO) are involved in this process. This study examined the capacities of liver microsomes of male channel catfish (Ictalurus punctatus), which lack FMO, to biotransform aldicarb in vitro. In addition, the acetylcholinesterase inhibitory potencies of aldicarb and its sulfoxide and sulfone derivatives were determined. For metabolism studies, incubations of [ 14 C]-aldicarb (0.1mM) were carried out for up to 15-90 min using 1.0 mg/mL of hepatic microsomal protein. Total NADPHdependent biotransformation was low (<3.0% conversion to polar metabolites), and was inhibited by carbon monoxide. The only metabolite detected was aldicarb sulfoxide (K mapp ‫؍‬ 53.8 ؎ 25.3 M; V maxapp ‫؍‬ 0.040 ؎ 0.007 nmol/min/mg). Treatment of fish with the CYP modulators beta-naphthoflavone (BNF, 50 mg/kg) and ethanol (EtOH, 1.0% aqueous) had no effect on sulfoxide production. No correlation existed between CYP isoform expression (determined by western blot) and aldicarb sulfoxidation rates, suggesting the involvement of an unmeasured CYP isoform or involvement of several isoforms with low specificity. This study indicates that a low rate of bioactivation of aldicarb to aldicarb sulfoxide may be responsible for the resistance of channel catfish to aldicarb toxicity relative to that of other piscine species.
The carbamate pesticide, aldicarb, is one of the most widely used insecticides in the United States, ranking seventh in terms of total acres treated and fifth in pounds applied (U.S. Geological Survey, 1997) . While very effective against target pests, the high level of acute toxicity associated with aldicarb has generated concerns about its safety and has led to tightlycontrolled regulation of its use in agriculture (Baron, 1994; Nelson et al., 1997; Risher et al., 1987) . The oral LD 50 in mice has been reported to be as low as 0.3 mg/kg (Black et al.,1973) , while LC 50 values in fish range from 0.56 mg/L for rainbow trout (Oncorhynchus mykiss) to 45 mg/L for channel catfish (Pant et al.,1987; Schlenk et al.,1995) . Because of its high degree of water solubility (4.9 g/L), aquatic species may be especially at risk from contamination of waterways receiving agricultural run-off or equipment wastewater.
Aldicarb is extensively metabolized in plants and animals, generating two principal oxidized products: aldicarb sulfoxide and aldicarb sulfone ( Fig. 1) (Risher et al.,1987) . Both the sulfoxide and sulfone are capable of inhibiting acetylcholinesterase (AChE), with aldicarb sulfoxide being more potent than the parent compound (World Health Organization, 1991) . Aldicarb sulfone is a less potent mammalian AChE inhibitor than aldicarb, and displays subsequent lower toxicity (Hastings et al.,1970) . Aldicarb sulfoxide is the major metabolite produced by most vertebrate species, including the rainbow trout (Baron, 1994; Montesissa 1995; Schlenk and Buhler, 1991) . Further metabolism of aldicarb, aldicarb sulfoxide, and aldicarb sulfone leads to production of oximes, nitriles, and other products with little or no enzyme inhibition (Risher et al., 1987) .
Both cytochrome P450 (CYP) and flavin-containing monooxygenases (FMO) can catalyze the initial oxidation of aldicarb to aldicarb sulfoxide in trout, but FMO is not involved in the further transformation of the sulfoxide to aldicarb sulfone (Schlenk and Buhler, 1991; Venkatesh et al.,1991) . Studies have shown striking differences in the functional properties and content of these enzyme systems among numerous fish species, one of the most prominent disparities being the apparent lack of FMO in many freshwater species, including channel catfish (Perkins and Schlenk, 1998; Ronis et al., 1989; Schlenk, 1995; Schlenk et al., 1993; Stegeman, 1993) .
The channel catfish, Ictalurus punctatus, is an ecologically and economically important teleost which is widely distributed throughout the waterways of North America. A large number of acute toxicity test results show that channel catfish are frequently less sensitive to lethal effects of pesticide exposure than rainbow trout or bluegill (Chambers and Carr, 1995; Spradley, 1991; Vittozzi and De Angelis, 1991) . Aldicarb is included in this group of pesticides to which channel catfish present some resistance, with a reported LC 50 value in juveniles of 45 mg/L (Schlenk, 1995) . The pesticide resistance seen in channel catfish may be due to numerous factors including AChE sensitivity and unique toxicokinetic/toxicodynamic processes. However, little work has been done in characterizing the mechanisms of pesticide resistance in channel catfish.
Because FMO has been shown to bioactivate aldicarb to aldicarb sulfoxide in other fish species (El-Alfy and , and catfish do not express FMO, a potential mechanism of aldicarb resistance may be related to decreased capacity of catfish to bioactivate the compound to the more potent metabolite. The present study attempts to elucidate the processes involved in the decreased sensitivity of catfish to aldicarb by examining the in vitro biotransformation of aldicarb by hepatic microsomes from channel catfish.
MATERIALS AND METHODS
Chemicals. Analytical standard grade aldicarb, aldicarb sulfoxide, and aldicarb sulfone were purchased from ChemService (West Chester, PA). Standards for oxime and nitrile derivatives of aldicarb and metabolites were produced by base-catalyzed hydrolysis of aldicarb (Payne et al.,1966) .
14 Caldicarb was donated by Rhône-Poulenc, Inc. (Research Triangle Park, NC) and was re-purified on a C18 Prep-sep cartridge (Fisher Scientific, Pittsburgh, PA) using step elution with 25% and 100% methanol. Purity of radiolabeled compound was assessed by HPLC. Acetonitrile was purchased from Fisher Scientific. All other chemicals were obtained from Sigma Chemical Company (St. Louis, MO). Anti-CYP2M1 polyclonal antibody was provided by Dr. Don Buhler (Oregon State University, Corvalis, OR).
Animals. Sexually mature male channel catfish (2 years post-hatch, 200 -290 g) were obtained from the USDA National Aquaculture Center in Stuttgart, AR, and held in 400 L fiberglass aquaria with flow-through dechlorinated tap water at 18 -25°C for at least 1 week prior to exposure. Catfish were fed commercial fish chow once per day during the holding period.
Acetylcholinesterase inhibition. Muscle tissue was dissected from the lateral surface of catfish, homogenized in 1.15% KCl, and filtered through glass wool. Inhibition was determined as the IC 50 by incubating tissue homogenates with concentrations of each compound, ranging from 0.005 to 25 M, for 2 h at room temperature, prior to determination of AChE activity. The activity of AChE was measured using a modification of the Ellman spectrophotometric assay (Ellman et al.,1961) adapted for microplates as previously described (Nostrandt et al.,1993) . Acetylthiocholine iodide was used as the substrate (0.5 mM) and 5,5Ј-dithio-bis-2-nitrobenzoic acid as the chromagen. Eserine sulfate (10 Ϫ5 M dissolved in methoxyethanol) was used as a blank to correct for non-cholinesterase-mediated hydrolysis (Boone and Chambers, 1996) .
In vivo treatments. ␤-Naphthoflavone (BNF) was given by intraperitoneal (ip) injection of 50 mg/kg in 0.25% agar suspension. BNF-treated fish (n ϭ 3) were maintained in flow-through aquaria for 48 h after injection. Water-borne ethanol (EtOH) exposures (1.0%; n ϭ 3) were for 24 h under static conditions, with water renewal at 12 h. Treatment concentrations were determined to be effective in CYP manipulation in previous studies (Perkins and Schlenk, 1998) . Both untreated and agar-injected fish were used as controls. No significant differences were detected between control groups in any measurement; these values were subsequently combined for statistical analysis.
Tissue preparation. Livers were excised from fish, immediately frozen between blocks of dry ice, and stored at Ϫ80°C. Hepatic tissue was homogenized in ice-cold buffer (0.1 M Tris, 0.15 M KCl, and 1 mM EDTA -pH 7.4) containing the protease inhibitor phenylmethylsulfonyl fluoride (10 M) and centrifuged at 10,000 ϫ g for 30 min. Hepatic microsomes were isolated from 10,000 ϫ g supernatant by ultracentrifugation (100,000 ϫ g for 1.5 h) and resuspended in 10 mM phosphate buffer (pH 7.4) containing 20% glycerol. All preparative steps were performed at 4°C.
In vitro metabolism.
Microsomal incubations (500 L total volume) were initiated by addition of NADPH (1.0 mM) and performed with constant shaking at room temperature. Reactions were carried out in buffer (50 mM Tris -pH 7.4, 1 mM MgCl 2 , 5 mM KCl; and 0.1 mM EDTA) with 0.5-1.0 mg microsomal protein and 33-200 M [
14 C]-aldicarb (1 mCi/mmole; 4 -10 mM stock). Carbon monoxide (CO) inhibition was determined by bubbling CO through reaction mixture for 1 min prior to addition of NADPH.
Chromatographic analysis. Reactions were stopped after 15-90 min by addition of 500 L ice-cold methanol. Precipitated protein was removed by centrifugation (10,000 ϫ g for 5 min) and supernatant was filtered (0.45 m) prior to HPLC analysis. Aldicarb and metabolites were separated utilizing a Waters HPLC system equipped with a C-8 ultrasphere column (Beckman) with water/acetonitrile gradient elution at 1.0 mL/min flow rate. Initial column condition was 9% acetonitrile, maintained for 5 min, followed by an 8-min linear increase to 50% acetonitrile, which was held for 3 min. The column was returned to 9% acetonitrile over 5 min and allowed to equilibrate before next injection. Fractions (1.0 mL) were collected in scintillation vials, mixed with 4.0 mL ScintiSafe™ cocktail (Fisher Scientific) and counted on an LKB/ Wallac scintillation counter for quantitation of aldicarb and metabolites. Metabolite profiles were later verified by analysis on the same chromatographic system with an in-line ␤-Ram flow scintillation counter (INUS Systems, Tampa, FL).
Western blotting. Microsomal proteins were separated by denaturing polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli, 1970 ) using a 9% polyacrylamide separating gel. Proteins were transferred onto nitrocellulose sheets by the Towbin method (Towbin et al., 1979 ) using a BioRad TransBlot apparatus (Hercules, CA). Antibodies used to probe protein blots were polyclonal anti-LMC1 (rainbow trout CYP2M1) and an anti-CYP1A peptide monoclonal (C10-7) (Rice et al., 1998) . Blots were washed with tris buffered saline (TBS) after incubation with primary antibody, and appropriate alkaline phosphatase-linked secondary antibodies were utilized for detection. Bands were visualized with nitro blue tetrazolium and 5-bromo-4-chloro-3-indoyl phosphate, and quantitated by scanning densitometry using NIH Image software (version 1.61).
FIG. 1.
Structures of aldicarb and metabolites produced by cytochrome P450.
Statistics. Between-group differences were determined by one-way ANOVA (␣ ϭ 0.05) followed by the Student-Newman-Kuels test. Correlation analysis was performed by simple linear correlation (␣ ϭ 0.05). All tests were performed with SigmaStat 2.0.3 software (SPSS Inc., Chicago, IL). Inhibition of AChE (IC 50 values) was calculated by a log concentration-effect regression method using Graph Pad Prism Software 2.01 (San Diego, CA).
RESULTS

Acetylcholinesterase Inhibition
Inhibition of AChE by aldicarb and its oxidized metabolites was measured in catfish muscle tissue, in order to demonstrate the increased toxic potential of aldicarb sulfoxide. All three compounds tested were strong inhibitors of catfish AChE in vitro. Aldicarb and aldicarb sulfone showed similar potency for inhibition of catfish muscle AChE, while the concentration of aldicarb sulfoxide required to inhibit 50% of AChE activity (IC 50 ) was 148 times lower than that of aldicarb (Table 1) .
In Vitro Biotransformation
Aldicarb was transformed by catfish liver microsomes to a single detectable metabolite, aldicarb sulfoxide. The conversion to sulfoxide was NADPH-dependent, increased in a timedependent manner up to 60 min and was significantly inhibited by CO (data not shown). Metabolic rate constants (apparent K m and V max ) were determined after a 60-min incubation period (33-200 M aldicarb) for comparison to other species. Rate constants were calculated by non-linear curve fitting using a one-site model (V ϭ V* max [S]/K m ϩ [S]); Graph Pad Prism 2.01 software), as well as by Lineweaver-Burk plot (Fig. 2) . The two models produced similar values, with the LineweaverBurk derived constants (K mapp ϭ 79 M; V maxapp ϭ 0.046 nmol/min/mg) falling within one standard error of the values derived from the non-linear curve fit (K mapp ϭ 53.8 Ϯ 25.3 M; V maxapp ϭ 0.040 Ϯ 0.007 nmol/min/mg).
In order to elucidate any association of specific CYP isozymes to aldicarb biotransformation in catfish liver, in vivo treatments with known modulators (BNF and EtOH) of CYP expression in catfish were performed prior to microsomal preparation and in vitro metabolism. Aldicarb sulfoxidation rates were determined over 30 min at 100 M aldicarb. However, no significant treatment-related effects were observed (Fig. 3) .
Western Blot Analysis
Two major CYP2M1-related protein bands, which have been previously characterized to have relative molecular weights of 51 and 47 kDa, are detectable in catfish microsomes by anti-LMC1 antibody (Perkins and Schlenk, 1998) . BNFtreatment significantly decreased the expression of both the 51 kDa and 47 kDa protein bands (26% and 30% decrease, respectively) from that of control fish (Fig. 4a) . A significant decrease was also detected for the expression of the 47 kDa band (21% decrease) in EtOH-treated fish (Fig. 4b) . Relationships between CYP expression and rate of aldicarb sulfoxide production were assessed by linear correlation. No significant correlation existed between aldicarb biotransformation rates and either the 51 kDa (R 2 ϭ 0.01, P ϭ 0.7) or 47 kDa (R 2 ϭ 0.35, P ϭ 0.5) CYP2M1-related bands.
A single hepatic band of 59 kDa was recognized by the anti-CYP1A peptide antibody (C10-7). This band was expressed at nearly undetectable levels in all samples except BNF-treated fish. However, only 2 of 3 fish treated with BNF displayed CYP1A induction, while the third had CYP1A levels only slightly above controls (Fig. 5) . Regression analysis (n ϭ 12) showed no relationship (R 2 ϭ 0.005) between CYP1A expression and aldicarb sulfoxidation rates.
DISCUSSION
Aldicarb sulfoxide is the primary in vitro metabolic product of aldicarb for all animal species studied, and is capable of producing significantly greater toxicity than the parent compound (Baron, 1994) . As a result, the rate of sulfoxidation for a given individual may have great influence on the ultimate acute toxic response following an aldicarb exposure. The resulting toxicity of the compound depends on numerous factors that are heavily influenced by the organism's environment, such as route and rate of uptake/elimination, bioactivation, target enzyme sensitivity, and aliesterase activity. It has been suggested that bioactiviation does not influence phosphorothionate toxicity in fish because of the low level of desulfuration/ bioactivation coupled with the hydrophobicity of these pesticides (Chambers and Carr, 1995) . This combination of factors produces a situation in fish that allows primary toxic influence to be exerted by stored parent compound rather than by the more potent metabolite. A different situation may exist, however, when dealing with more water-soluble compounds that are not bioconcentrated, such as aldicarb. In the case of these less hydrophilic chemicals, bioactivation reactions may have a stronger influence on their toxicity because of the lack of effects from bioconcentrated compound. Therefore, small differences in bioactivation rates between species may have substantial effects on acute toxicity.
The primary mechanism of toxic action for carbamate pesticides is through the reversible binding and subsequent inhibition of AChE, producing increased and sustained cholinergic signaling. Earlier studies have shown that aldicarb sulfoxide is a more potent inhibitor of AChE than aldicarb (World Health Organization, 1991) . However, species differences in the affinity of insecticides for AChE frequently exist (Chambers and Carr, 1995; Ehrich et al.,1995; Keizer et al.,1993) , making generalizations between species difficult. In the present study, aldicarb and its sulfoxide and sulfone derivatives were capable of inhibiting 50% of in vitro AChE activity at micromolar concentrations and lower, with the greatest inhibition effected by aldicarb sulfoxide.
In vitro aldicarb sulfoxidation has been previously examined in numerous mammalian species (Andrawes et al.,1967; Montesissa et al.,1995) , and microsomal metabolic rate constants have been determined for both rats (liver, kidney, and lung) (Pelekis and Krishnan, 1997) and rainbow trout (liver, gill, and kidney) (Schlenk and Buhler, 1991) . Reaction rates for aldicarb sulfoxidation are substantially slower in trout liver (V maxapp ϭ 0.216 nmol/min/mg) than in rat liver (V maxapp ϭ 5.41 mole/ min/mg), and rainbow trout also produce aldicarb sulfone and aldicarb oxime as biotransformation products (Schlenk and Buhler, 1991) . Japanese medaka (Oryzias latipes) liver microsomes produce sulfoxide, sulfone, and hydrolytic derivatives (El-Alfy and Schlenk, 1998) . A recent study by Pelekis and Krishnan, (1998) shows that rat microsomes produce only aldicarb sulfoxide in vitro, similar to an earlier in vivo study which detected primarily sulfoxide and sulfoxide oxime in rat urine after oral administration (Knaak et al.,1966) . In incubations with catfish microsomes, aldicarb sulfoxide was the sole metabolite detected in vitro. Aldicarb sulfoxide production by catfish liver microsomes is NADPH-dependent, inhibited by carbon monoxide and apparently saturable, but the maximal velocity of the reaction is only about 20% of the rate of sulfoxidation by trout liver microsomes despite a similar affinity constant. Consequently, the amount of aldicarb sulfoxide produced at a given exposure level will be decreased in catfish, relative to trout.
A recent study by Miranda et al.,(1998) demonstrated a notable lack of specificity in the inhibition of trout CYP isoforms by classic mammalian competitive and mechanismbased inhibitors, suggesting that trout CYPs exhibit a lower level of substrate specificity than those of mammals. In addition, the major constitutive (appearent CYP2 and CYP3 relatives) CYPs in fish are generally refractive to the up-and down-regulation by xenobiotics that is common of their mammalian counterparts (Kleinow et al.,1990; Miranda et al.,1998; Miranda et al.,1991) . However, several compounds have been found to have isoform-specific modulatory effects on constitutive CYP proteins in channel catfish (Haasch, 1996; Perkins and Schlenk, 1998 ). In the current study, a significant downregulation of the 47-kDa CYP2M1-related band is seen with EtOH exposure, consistent with an earlier study which found dose-dependent decreases in this protein (Perkins and Schlenk, 1998) . This 47-kDa protein has been recently purified and regression studies indicate that it may be involved with ethoxycoumarin O-deethylase and estradiol hydroxylase activities (data not shown). Despite this decrease in enzyme levels, no effect on aldicarb sulfoxidation was detected.
The best-studied example of CYP induction in fish is found in the CYP1A subfamily, which has been shown to be highly inducible in numerous aquatic species (Bucheli and Fent, 1995; Haasch et al.,1993; Lindstrom-Sepa et al.,1994; Stegeman, 1993; Stegeman, 1998; Washburn et al.,1996) . Up-regulation of CYP1A isoforms by various compounds, including planar aromatic hydrocarbons and polychlorinated biphenyls, can dramatically increase the rate of biotransformation of CYP1A substrates (ethoxyresorufin, benzo[a] pyrene, etc.) (Ankley and Blazer, 1988; Bucheli and Fent, 1995) . However, no significant induction of aldicarb sufoxidation was seen after treatment with BNF, providing little evidence for exclusive CYP1A involvement in aldicarb sulfoxidation. In addition, the significant down-regulation of both CYP2M1-related proteins, without concurrent decreases in sulfoxidation rates, suggests that CYP2M1-related enzymes are not involved in aldicarb bioactivation. The presence of the single uninduced fish in the BNF-treated group was unexpected and lacks clear explanation. Large differences in CYP expression are common in catfish (Perkins and Schlenk, 1998) , but it is uncertain why the CYP1A content of this individual was completely unaffected, while both CYP2M1-related proteins were down-regulated. Numerous factors, including steroid hormone levels, nutritional status, and illness are known to modulate CYP1A expression in fish (Ankley and Blazer, 1988; Ankley et al.,1989; Bucheli and Fent, 1995; James, 1986) and may have a role in this case.
To summarize, aldicarb is metabolized very slowly to aldicarb sulfoxide in channel catfish hepatic microsomes in vitro. Both FMO and CYP are known to be involved in aldicarb sulfoxidation (Schlenk and Buhler, 1991; Venkatesh et al.,1991) , but channel catfish lack FMO expression, which leads to the assumption that NADPH-dependent and CO-sensitive sulfoxidation of aldicarb in catfish is catalyzed primarily by CYP. However, treatments with concentrations of BNF and EtOH that were capable of altering expression of specific catfish CYP isoforms had no detectable effect on the rate of aldicarb sulfoxidation in vitro-providing no clear relationship between any of the three major CYP isoforms measured in this study and aldicarb sulfoxidation. However, because of the non-specific nature of constitutive fish CYP, it is possible that several isoforms are involved to a small extent, thereby re-pressing any treatment effects. Alternatively, the slow rate of aldicarb bioactivation may be explained by the involvement of a less abundant CYP isozyme. The low level of bioactivation could, in turn, explain the decreased toxicity of aldicarb in catfish compared to trout. Because there are no specific markers of constitutive CYP isozyme activities in catfish, only expression/isolation and reconstitution studies can conclusively demonstrate involvement of individual isozymes in a biotransformation reaction where no correlation between protein levels and biotransformation rates is seen.
